Abstract. This paper presents an analysis of subject-specific radio channels in wireless body area networks (WBANs) using a simulation tool based on the parallel finite-difference time-domain (FDTD) technique. This technique is well suited to model radio propagations around complex, inhomogeneous objects such as the human body. The impacts of different subjects varying in size on on-body, inter-body, and offbody radio channels are studied. The analysis demonstrates that the characteristics of on-body radio channels are subject-specific and are associated with human gender, height, and body mass index. On the other hand, when waves propagate away from the body, such as in the inter-body and off-body cases, the impacts of different subjects on the channel characteristics are found to be negligible.
Introduction
Over the past decade, advances in wireless sensor technologies propelled by micro-electro-mechanical systems (MEMS)-based miniaturization and cost reduction have made pervasive wireless sensor networks (WSNs) a reality. Integrated microsensors of no more than a few millimeters in size, with onboard processing and wireless data transfer capability are the basic components of such networks.
The ultimate aim of wireless body area networks (WBANs) is to provide a truly personalized monitoring platform that is pervasive, intelligent, context-aware, and "invisible" to the patient, thereby avoiding activity restriction or behavior modification. It is expected that it will attract a range of applications, from monitoring of patients with chronic disease and care for the elderly, to general wellbeing monitoring and performance evaluation in sports [1] [2] [3] [4] [5] . Before its widespread use, however, there are a number of technical challenges that need to be tackled. These include the need for better sensor design, MEMS integration, biocompatibility, power source miniaturization, low power wireless transmission, context awareness, secure data transfer, and integration with therapeutic systems.
While wireless communications through the air have been extensively documented, the communication from mounted/implanted devices around the human body is a new area of study. To ensure an efficient performance of WBANs, the propagation channels need to be characterized and modeled. Many efforts have been made to experimentally characterize the on-body radio channel for narrowband [6] [7] [8] [9] and ultra-wideband (UWB) systems [10] [11] [12] . However, measurements are expensive, time consuming, and hardly repeatable. Computational models were developed to provide a physical insight of the on/in-body radio channel mainly by using the finite-differences time-domain (FDTD) technique [13] . In [14, 15] , the FDTD technique has been used to analyze the radiation characteristics of implanted devices. The FDTD modeling of body-worn systems has been presented in [16] [17] [18] [19] . In [17, 18] the body-worn performances of planar antennas have been analyzed. In [20] , CST Microwave Studio TM , which is based on the finite integral technique (FIT), has been used to analyze the bodymounted performances of a compact sensor deployed in health-care applications.
In this paper, a simulation environment based on the parallel FDTD method is presented. The developed model is able to handle complex and electrically large problems, as well as take into account the radiation characteristics of the antenna in radio channels. It provides an efficient solution to radio channel modeling for WBANs, which is not available using commercial simulation packages without requesting excessive computational resources. This paper also aims to investigate the impact of different digital body models on radio channels in WBANs. Three different scenarios have been considered, namely, the on-body, inter-body, and off-body radio channels.
Description of the Simulation Model
The FDTD method is one of the most popular electromagnetic numerical techniques, and is well suited for modeling complex and irregularly shaped objects such as the human body. The FDTD is a versatile technique, but similar to other numerical methods, it is computationally intensive. For large EM problems such as the modeling of WBANs, the requirement for system resources is beyond the capability of personal computers (PCs). One way to resolve this problem is to divide the whole computational domain into smaller sub-domains, and each sub-domain can be handled by a single PC. By linking the PCs together with a proper synchronization procedure, the original large problem can be decomposed and solved efficiently.
One of the most attractive features of the FDTD method is that it can be easily parallelized with very little modification to the algorithm. Since it solves Maxwell equations in the time-space domain, the parallel FDTD algorithm is based on the space decomposition technique. The data transfer functionality between processors (PCs) is provided by the message passing interface (MPI) library. Data exchange is required only for the adjacent cells at the interface between different sub-domains and is performed at each time step, hence the parallel FDTD algorithm is a self-synchronized process. At the end of parallel FDTD simulations, the results calculated at each node are combined to obtain the final simulation result. The GCC compiler and a free version of MPI, MPICH, developed by Argonne National Laboratory [21] , are used to compile our parallel FDTD code and handle the inter-node communications, respectively.
In FDTD simulations, regular objects such as spheres, cylinders and cubes can be mathematically defined in space and easily represented in the FDTD domain. However complex objects such as the human body are often difficult to model and sometimes approximated by basic geometries [22] . While for realistic simulations, proper human body models need to be created and imported to the FDTD domain. In literature, several solutions have been proposed to computationally model the human body. In [23, 24] a flat uniform phantom representing the muscle tissue has been applied. In [19] a realistic uniform body phantom called James is used. A stratified dielectric phantom -HUGO model based on the data provided by the Visible Human Project of the National Library of Medicine [25] has been used in [20] . In [16] , simulations are performed considering a male and a female Japanese inhomogeneous body models developed from the National Institute of Information and Communication Technology (NICT) [26] .
The use of a uniform dielectric phantom rather than a stratified one, is justified from the fact that at 2.4 GHz the human body is very lossy and the skin depth is very small, so the internal composition of the body is not very important. This way, largely available human body models as well as other objects from popular computer aided design (CAD) software can be readily imported to use in FDTD simulations. In total nine subjects have been considered in our analysis: five female and four male models with different dimensions, as listed in Table 1 . The subjects are scanned using magnetic resonance imaging (MRI) and a surface mesh is generated for each subject. However, since volume meshes are required in FDTD simulations, a voxelizer tool [27] has been used to convert surface meshes into volume ones. Figure 1 shows the cross sections of the nine voxelized subjects (at the height of the subjects" stomachs). Fig. 1 . The cross sections at the height of stomach of the nine voxelized subjects.
The above described simulation model has been used to analyze subject-specific radio channels in WBANs. Three different scenarios have been considered in this paper: the on-body radio channels i.e. when both the transmitter and receivers on the same subject, the inter-body radio channels i.e. when the transmitter is on one subject and receivers are on another, and the off-body radio channels i.e. when the transmitter is mounted on a fixed location in a room and receivers are on one subject. The simulation results and discussions for these three different cases are presented in the following section.
Numerical Simulation Results and Analysis

On-Body Radio Channels
First the on-body radio channel is considered, i.e. the subjects are assumed to be in free space in simulations. The electric properties of human muscles are obtained from [28] . In all the simulations performed in this paper, the FDTD cell size is Δx = Δy = Δz = 4.0 mm, and the time step is ) 3 /( c x t    , according to the Courant stability condition [13] , where c is the speed of light in the free space. A ten-cell Berenger's PML is used to truncate the simulation domain in all directions [13] . A patch antenna designed to operate at the wireless local area network (WLAN) frequency of 2.4 GHz is used as the transmitting antenna (basestation) in FDTD simulations [29] . The antenna is first simulated using CST Microwave Studio TM , then the radiation patterns (fields) are extracted and converted to surface currents used as excitations in FDTD simulations. The antenna is mounted on the left waist of the subjects. The whole simulation domain is divided into four, five, and five sub-domains along x-, y-, and z-directions, respectively. Each simulation lasts around 1.5 hours.
The path loss is calculated as the ratio of transmitted power to the received power when the steady state is reached in simulations. The receiver locations are taken on the body surface at the front and back of the subject. The receivers at the front of the body are in the line-of-sight (LOS) situation and the receivers are the back are in non-LOS (NLOS). Therefore the path loss are calculated separately for the LOS and NLOS cases and plotted in Fig. 2 . Fig. 2 . The comparison of path loss (against distance) for subjects Female01 and Male01 in on-body radio channels. Left: receivers are on the front of body (LOS case), and Right: receivers are on the back of body (NLOS case).
To verify the simulation results, a site measurement is also performed in the anechoic chamber. The simulated patch antenna has been fabricated and mounted on the left waist of the subject during measurement. A printed monopole antenna is used to pick up the received power. A vector network analyzer (VNA) HP 8720 is used to connect both antennas and measure the channel response (path loss) at different receiver locations. Then a least square (LS) fitting method is used for the simulation and measurement data to obtain the path loss exponent γ using
where PL(d 0 ) is the reference path loss at distance d 0 (taken as d 0 = 0.1 m in this paper), γ is the path loss exponent, and X σ is a zero-mean Gaussian random variable.
In general the comparison in Fig. 2 shows good agreement which validates the numerical simulation. However, the measured data is more spread comparing with the simulated ones, and this may be due to the wave reflections from cables which are not taken into account in numerical simulations. Despite this fact, the path loss exponent from simulations and measurements shows good agreement. To analyze the subject-specific on-body radio channels, all the nine subjects are simulated and their calculated path loss exponents are listed in Table 2 . By comparing with the dimensions of the subjects in Table 1 , it can be seen that in general, the path loss exponent is subject-specific: the larger the size of the trunk, the higher value the path loss exponent has. The path loss exponent is larger when the receivers are on the back of the subjects, which is due to that the received signal only contains creeping waves around the body; and scattering from the arms and head occurs when the receivers are on the front of the subjects.
Inter-Body Radio Channels
It is also important to analyze the effect of different body sizes and shapes on the inter-body communication channels. The scenario of inter-body radio channels is illustrated in Fig. 3 , with 0.04 m thick walls, floor and ceiling surrounding the objects added to simulate the indoor environment. Fig. 3 . The schematic diagram for the analysis of inter-body radio channels in FDTD simulations.
The size of the simulation domain is 9 .
The transmitter is mounted on the right waist of the model on the right. The electrical properties of different materials at 2.4 GHz used in simulations are listed in Table 3 . In order to investigate the impact of different subjects, the simulations are repeated by placing the receivers on all nine different models. Since for the subjects the transmitter is off-body (with respect to the left model), it is more appropriate to calculate the average values of path loss. The path loss is sampled at over one hundred locations on both the front (LOS) and back of the torso (NLOS), respectively. The path loss at different receiver locations for LOS and NLOS cases, can be well represented by normal distributions as shown in Fig. 4 . The simulated results for the two models Female01 and Male01 are compared with measurements with good agreement. When the receivers are on the front of the torso (the LOS case), size and shape of the subject do not affect the propagation path, and hence the mean values of path loss are almost the same for every model. For the NLOS case, since the wave reaches the receiver mainly through reflections from the surrounding environment, the received power is not much affected by the body size, and the difference between maximum and minimum values of the average path loss (obtained for the two models Female01 and Female04 respectively) is 4 dB. In conclusion, since direct propagations and reflections from surrounding scatterers are the principal mechanisms of propagation, the inter-body radio channels are not subject-specific. 
Off-Body Radio Channels
For the off-body radio channels, the simulated environment is similar to the one shown in Fig. 3 , with the only difference is that only the subject model (the one on the left) is considered in the analysis. The transmitting source is placed in proximity of a wall at the height of 2.5 m. As it was done for the interbody channels, the receivers are placed on both the front (LOS) and back of the torso (NLOS), and the communication distance is approximately 2.5 m. Figure 6 compares the mean values and standard deviations of path loss values for the nine subjects. The conclusions are similar to the ones drawn for the inter-body radio channel case. The differences between the maximum and minimum values of the average path loss for the LOS and NLOS cases are 3.2 dB and 3.9 dB, respectively. Furthermore, the values of standard deviation do not vary much, and hence it can be concluded that the off-body radio channels are not subject-specific.
Conclusions
In this paper we present a numerical investigation of the subject-specificity of the on-body, inter-body, and off-body radio channels. The analysis of the radio channel is conducted by importing realisticshaped digital phantoms, and the simulation model has been used to study common scenario in hospital environment at 2.4 GHz. The simulation results are validated by site measurement and show good agreement. The subject-specificity of the on-body radio channel is investigated by considering nine body models of different sizes and genders, and it is concluded that parameters such as the height of the subject, and the curvature radius at the trunk affect the path loss in on-body radio channels. However, in the inter-body and off-body cases, the signal propagates away from the body and reaches the receiver through free space propagation and reflections from surrounding scatterers, and hence the impact of the subject on the radio link is found to be minimal.
